In sporadic breast cancers, BRCA-1 expression is downregulated in the absence of mutations in the BRCA-1 gene. This suggests that disruption of BRCA-1 expression may contribute to the onset of mammary tumors. Environmental contaminants found in industrial pollution, tobacco smoke, and cooked foods include benzo(a)pyrene [B(a)P] and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), which have been shown to act as endocrine disruptors and tumor promoters. In previous studies, we documented that estrogen (E2) induced BRCA-1 transcription through the recruitment of an activator protein-1/estrogen receptor-A (ERA) complex to the proximal BRCA-1 promoter. Here, we report that activation of BRCA-1 transcription by E2 requires occupancy of the BRCA-1 promoter by the unliganded aromatic hydrocarbon receptor (AhR). The stimulatory effects of E2 on BRCA-1 transcription are counteracted by (a) cotreatment with the AhR antagonist 3V -methoxy-4V -nitroflavone; (b) transient expression in ERAnegative HeLa cells of ERA lacking the protein-binding domain for the AhR; and (c) mutation of two consensus xenobiotic-responsive elements (XRE, 5V -GCGTG-3V ) located upstream of the ERA-binding region. These results suggest that the physical interaction between the unliganded AhR and the liganded ERA plays a positive role in E2-dependent activation of BRCA-1 transcription. Conversely, we show that the AhR ligands B(a)P and TCDD abrogate E2-induced BRCA-1 promoter activity. The repressive effects of TCDD are paralleled by increased recruitment of the liganded AhR and HDAC1, reduced occupancy by p300, SRC-1, and diminished acetylation of H4 at the BRCA-1 promoter region flanking the XREs. We propose that the ligand status of the AhR modulates activation of the BRCA-1 promoter by estrogen. (Cancer Res 2006; 66(4): 2224-32) 
Introduction
The tumor suppressor gene BRCA-1 encodes for a transcription factor that participates in regulation of cell proliferation (1) and maintenance of genome integrity (2, 3) . Although mutations in BRCA-1 confer a high risk of developing breast cancer, genetic susceptibility accounts for only f10% of breast cancer cases. However, in sporadic breast tumors, which represent 90% to 95% of breast cancers, BRCA-1 expression is down-regulated in the absence of mutations in the BRCA-1 gene, suggesting that disruption of BRCA-1 regulation may contribute to the etiology of breast cancer (4) .
Several factors may contribute to the etiology of sporadic breast cancer, including reproductive history, diet, and environmental toxins (5, 6) . Prototypical environmental pollutants found in industrial pollution, tobacco smoke, and cooked foods include the polycyclic polyhalogenated 2,3,7,8-tetrachlorodibenzo-pdioxin (TCDD), which has been shown to alter mammary gland development (7, 8) , disrupt endocrine functions (9, 10) , and promote tumor growth (11, 12) . Population studies detected the accumulation of TCDD in breast milk (13, 14) , suggesting that this agent may reach breast tissue and be a risk factor in mammary neoplasia. Another class of environmental pollutants is polycyclic aromatic hydrocarbons (PAH), including the prototypical carcinogen benzo(a)pyrene [B(a)P], which is found in cigarette smoke and cooked meat (15) . Diet contributes average values of 600 ng/d of B(a)P (16) .
The biological effects of dioxins and PAHs are mediated through binding to the aromatic hydrocarbon receptor (AhR), a member of the basic helix-loop-helix family of transcription factors (17, 18) . The liganded AhR recruits the aromatic receptor nuclear translocator (ARNT) and related adaptor molecules, including CBP/ p300, to form a heterocomplex that activates transcription of target genes, such as the P450s CYP1A1 and CYP1A2, at cis-acting dioxin or xenobiotic-responsive elements (XRE, 5V -GCGTG-3V ).
In animal and cell culture models, the recruitment of the activated AhR/ARNT heterocomplex to XREs has been shown to disrupt transcription of E2-responsive genes, including cathepsin D (19, 20) , pS2 (21) , and c-Fos (22) . Proposed mechanisms for these inhibitory effects include DNA-binding interference between the AhR/ARNT-and ERa-containing complexes for adjacent or overlapping target sites (21, 23, 24) , and competition for common transcription factors (25) . Conversely, the agonist-activated AhR/ ARNT heterodimer has been shown to activate E2-responsive promoters through the recruitment of the unliganded ERa and the coactivator p300 to estrogen-responsive gene promoters (26) . The estrogenic/antiestrogenic effects of AhR ligands are influenced by several factors, including concentration and binding affinity of AhR ligands, E2 levels, ER status, cell type, availability of nuclear cofactors, and target promoter (25, (27) (28) (29) .
Previously, we reported that estrogen-induced BRCA-1 transcription by stimulating the recruitment of an estrogen receptor-a (ERa)/p300 complex to a region of the proximal BRCA-1 promoter containing an activator protein-1 (AP-1) site (30) . Based on earlier observations by our group that the AhR-ligand B(a)P repressed expression of BRCA-1 in ERa-positive breast and ovarian cancer cells (31, 32) , we investigated whether AhR modulated ERa signaling at the BRCA-1 promoter. Here, we document that in ERa-positive breast cancer cells, E2 stimulates the recruitment of the unliganded AhR to the proximal BRCA-1 promoter region flanking the AP-1 site and potentiates the effects of the liganded ERa in activation of BRCA-1 transcription. Conversely, we report that the AhR ligands B(a)P and TCDD repress E2-induced BRCA-1 promoter activity. This repression is accompanied by increased occupancy by the liganded AhR and HDAC1 on a BRCA-1 promoter segment comprising two consensus XRE sites located upstream from the AP-1 element, reduced recruitment of p300, SRC-1, and decreased acetylation of histone H4. We conclude that the ligand status of the AhR modulates E2-dependent activation of the BRCA-1 promoter.
Materials and Methods
Cell culture and chemicals. MCF-7 and HeLa cells were obtained from American Type Culture Collection (Manassas, VA) and maintained in DMEM/F12 (Sigma-Aldrich Chemical Co., St. Louis, MO) supplemented with 10% fetal bovine serum (FBS; Hyclone Laboratories, Logan, UT) as described previously (33) . Estrogen (E2), a-naphthoflavone, B(a)P, penicillin/ streptomycin solution, and DMEM/F12 were purchased from Sigma-Aldrich Chemical Co. TCDD was purchased from Midwest Research Institute (Kansas City, MO). Antibodies against ERa were purchased from Lab Vision Co. (Fremont, CA), whereas antibodies against AhR and HDAC1 were purchased from Santa Cruz Biotechnologies, Inc. (Santa Cruz, CA). Antibodies for p300, SRC-1, and Ac-H4 were purchased from Upstate Biotechnology (Lake Placid, NY).
Transient transfections. MCF-7 and HeLa cells were cultured for 3 days in phenol red-free DMEM/F12 and supplemented with 5% charcoalstripped FBS. Cells were seeded in six-well plates 24 hours before transfection. The reporter plasmids were transfected using the Lipofect-AMINE Plus (Invitrogen, Carlsbad, CA) procedure as described previously (32) . Plasmids encoding for renilla were also cotransfected to account for variations in transfection efficiency. Luciferase reporter activity was monitored with a Luminometer 20/20 and expressed as relative luciferase units corrected for renilla.
Site-directed mutagenesis. Details concerning the cloning of a 1.7 kb BRCA-1 promoter fragment into pGL3 Basic are described elsewhere (32) . Mutation of XRE core sequences (GCGTG to Gccaa) was carried out by site-directed mutagenesis (Stratagene, La Jolla, CA) using the following primers synthesized by Sigma-Genosys (The Woodlands, TX): XRE1-F-Mut, 5V -GGATTTCCCAAAGAATTGTGCC-3V ; XRE1-R-Mut, 5V -GGCACAATTCTT-TGGGAAATCC-3V ; XRE2-F-Mut, 5V -GGGTACTGGCCAAGGAGAGTG-3V ; and XRE2-R-Mut, 5V -CACTCTCCTTGGCCAGTACCC-3V . Insertion of mutations was confirmed by direct sequencing.
Chromatin immunoprecipitation assay. MCF-7 cells were prepared in phenol red-free DMEM/F12 supplemented with 5% charcoal-stripped FBS for 3 days. Cells were collected after fixation of protein and DNA following the addition of formaldehyde to a final concentration of 1% to cell culture medium and incubation at 25jC for 10 minutes. Cells were harvested and resuspended in lysis buffer (1% SDS, 10 mmol/L EDTA, 50 mmol/L Tris-HCl, and protease inhibitor cocktail). After sonication (10 Â 15 seconds), samples were diluted in chromatin immunoprecipitation (ChIP) buffer (1% Triton X-100, 2 mmol/L EDTA, 150 mmol/L NaCl, 20 mmol/L Tris-HCl, and protease inhibitor cocktail). Dilutions of chromatin preparations were reserved as either input (no antibody) material or used for immunoprecipitation with the desired antibody. The sonicated samples were immunocleared with 2 Ag sheared salmon sperm DNA (Invitrogen), 5 Ag mouse IgG (MP Biomedicals, Irvine, CA), and 45 AL protein G beads (Pierce Biotechnology, Rockford, IL) for 2 hours at 4jC. The supernatant was then incubated with desired antibodies overnight at 4jC. After immunoprecipitation, 2 Ag sheared salmon sperm DNA and protein G beads were added to samples and incubation continued for an additional hour. The bead complexes were sequentially washed with TSE I (0.1% SDS, 1% Triton X-100, 2 mmol/L EDTA, 20 mmol/L Tris-HCl, and 150 mmol/L NaCl), TSE II (0.1% SDS, 1% Triton X-100, 2 mmol/L EDTA, 20 mmol/L Tris-HCl, and 500 mmol/L NaCl), buffer III (0.25% LiCl, 1% NP40, 1% deoxycholate, 1 mmol/L EDTA, and 10 mmol/L Tris-HCl), and TE. Then, DNA was extracted thrice with extraction buffer (1% SDS and 1 mol/L NaHCO 3 ). Samples were uncrosslinked in a 65jC water bath overnight and the DNA was purified using the Qiagen Nucleotide Removal kit. PCR primers used to amplify the BRCA-1 promoter region flanking the AP-1 binding site were as follows: forward, ATCGGTACCAAGTGATGCTCTGGGGTACTG; reverse, ACTAGATCTACCTCATGACCAGCCGACGTT (237 bp). The oligonucleotides used to amplify the region flanking the XRE1 and XRE2 binding sites were as follows: forward, CTCCCATCCTCTGATTGTACCTTGAT; reverse, GTCAGCTTCGGAAATCCACTCTC (311 bp).
Real-time PCR. The SYBR Green PCR Reagents kit (Applied Biosystems, Foster City, CA) was used as described by the manufacturer. Briefly, reactions were run at a final volume of 25 AL consisting of the following master mix: 2.5 AL of 10Â SybrGreen buffer, 3 AL of 25 mmol/L MgCl 2 , 2 AL of 12 mmol/L deoxynucleotide triphosphates (dATP, dCTP, dGTP, and dTTP), 2 AL each of forward and reverse primers, 0.25 AL Amperase Uracil-N-glycosylase, 0.125 AL Taq polymerase, 11.125 AL nuclease free doubledistilled water, and 2 AL DNA. The ABI 5700 sequence detection system and comparative C T method were used to quantify the relative differences in PCR product as described previously (34) . BRCA-1 promoter amplicons were normalized to input.
Statistical analysis. Results of transfection and real-time PCR experiments are presented as means F SE. Statview, the SAS Institute (Cary, NC) statistical analysis software, was used for ANOVA. Comparison of means following a significant (P < 0.05) ANOVA test were done by Fisher's protected least significant difference test.
Results
The unliganded AhR is required for E2 induction of BRCA-1 transcription. Previous studies documented that the effects of AhR ligands on E2-responsive gene may be due to crosstalk of the AhR with the ERa recruited at estrogen-responsive elements (ERE; ref. 26 ). The BRCA-1 promoter does not contain ERE (35, 36) but it harbors an AP-1 site (Fig. 1A) , which, upon E2 stimulation, recruits an ERa/p300 complex (32) . Based on the information that the AhR physically interacts with the ERa (26), we used ChIP assay to test whether E2 influenced the recruitment of the AhR to the BRCA-1 promoter region containing the AP-1 element. We used the breast cancer MCF-7 cell line because it has been used extensively to investigate the crosstalk between the AhR and ERa pathways in regulation of E2-responsive genes (19, 26, 27, 32) . The results of experiments depicted in Fig. 1B indicated that E2 stimulated the recruitment of the unliganded AhR to the BRCA-1 promoter flanking the AP-1 element. Conversely, no recruitment of the AhR was observed on treatment with TCDD alone. The cotreatment with TCDD did not alter the ability of E2 to stimulate the recruitment of the AhR. These results suggested that the AP-1 site was not a target for the liganded AhR. Based on these data, we examined the effects of a-naphthoflavone and 3V -methoxy-4V -nitroflavone (3M4NF), which are antagonists of the AhR (37-39), on BRCA-1 promoter activity and AhR occupancy. The treatment with E2 stimulated an f2.5-fold induction in BRCA-1 promoter activity. Conversely, the treatment with a-naphthoflavone or 3M4NF alone had no effects on BRCA-1 transcription (Fig. 1C) . However, both AhR antagonists repressed E2-induced BRCA-1 promoter activity in transfected MCF-7 cells, suggesting that the unliganded AhR was required for E2-dependent activation of BRCA-1 transcription. This notion was corroborated by results of the ChIP assay, indicating that the treatment with E2 induced the recruitment of the unliganded AhR to the promoter region flanking the AP-1 site, whereas the cotreatment with 3M4NF abrogated this effect (Fig. 1D ).
Because the AhR has been shown to inhibit ERa transcriptional activity (40, 41) , we examined the interplay between these receptors on BRCA-1 regulation. For these experiments, we used cervical HeLa cells, which lack endogenous ERa. The E2 treatment of HeLa cells transfected with pGL3BRCA1 did not influence BRCA-1 transcriptional activity. However, BRCA-1 transcription was induced by E2 in HeLa cells cotransfected with a plasmid containing a cassette for wild-type ERa (pERa). The stimulatory effects of E2 on BRCA-1 promoter activity were of the same magnitude as those measured in MCF-7 cells expressing endogenous ERa (Fig. 1C) . Conversely, basal and E2-induced BRCA-1 transcription were reduced in HeLa cells cotransfected with a plasmid encoding for an ERa lacking the binding domain for the AhR (pERaDAhR; Fig. 2A ). The efficacy of the E2 treatment was confirmed by activation of a positive control reporter construct (p3XERE) cotransfected along with pERa into HeLa cells (Fig. 2B) . These data offered evidence that the physical interaction between the ERa and the AhR played an important role in basal and E2-dependent activation of BRCA-1 promoter activity.
The liganded AhR represses E2-induced BRCA-1 transcription. In previous studies, we reported that the AhR ligand B(a)P repressed E2-induced accumulation of BRCA-1 mRNA (31). Therefore, we investigated whether activation of the AhR pathway interfered with E2 induction of the BRCA-1 promoter in transfected MCF-7 cells. We observed that the treatment with E2 induced a 2.5-fold increase in BRCA-1 promoter activity, which was abrogated upon cotreatment with B(a)P (Fig. 3A) . These repressive effects of B(a)P were paralleled by activation of a positive control promoter element (p1A1-4X) transfected into MCF-7 cells (Fig. 3B) . Because metabolism of B(a)P has been shown to generate reactive intermediates with antiestrogenic properties (32), we tested the effects of TCDD, which is not metabolized, on BRCA-1 promoter Figure 1 . Occupancy of the BRCA-1 promoter by the unliganded AhR at an AP-1 site is required for E2 stimulation of BRCA-1 transcription. A, positions of the candidate XRE1, XRE2, and AP-1 elements in the BRCA-1 promoter. Numbers, base pairs from the transcription start site on exon1B. Arrows, position of oligonucleotides used to test the recruitment of AhR to the BRCA-1 promoter region flanking the AP-1 element. B, MCF-7 cells were precultured for 3 days in phenol red-free DMEM with 5% charcoal-stripped FBS and then treated with 10 nmol/L E2, 100 nmol/L TCDD, or their combination for 90 minutes. Cells were processed by ChIP assay followed by PCR amplification as described in Materials and Methods with antibodies against the AhR. Inputs are control bands amplified from chromatin before immunoprecipitation. The size of the amplicon is 237 bp. C, MCF-7 cells were precultured for 3 days in DMEM containing 5% charcoal-stripped FBS. Then, a luciferase reporter construct driven by a 1.69 kb fragment of the BRCA-1 5Vflanking region (pGL3BRCA-1) was transiently transfected using LipofectAMINE Plus into MCF-7 cells, which were cultured for 24 hours in control medium (DMEM), DMEM plus 10 nmol/L E2, 100 nmol/L 3M4NF, the combination of E2 and 3M4NF, 25 Amol/L a-naphthoflavone, or the combination of a-naphthoflavone and E2. Columns, mean relative luciferase units corrected for renilla from two independent experiments done in triplicate (n = 6) and normalized to the DMEM; bars, SE. *, P < 0.05, statistical differences compared with control (DMEM). Statistical analysis done as described in Materials and Methods. D, MCF-7 cells were treated for 90 minutes with E2, 3M4NF, or their combination. Samples were processed by ChIP assay with antibodies against the AhR as described in (B). MW, DNA molecular weight marker. Figure 2 . The ERa/AhR protein interaction region is required for E2-induced BRCA-1 promoter activity. A, HeLa (ERa-negative) cells were precultured for 3 days in phenol red-free DMEM plus 5% charcoal-stripped FBS. Then, cells were transiently transfected with pGL3BRCA-1 or pGL3BRCA-1 cotransfected with either an expression vector encoding for the human ERa (pERa) or ERa lacking the AhR-interacting region (pERaDAhR). B, the positive control plasmid p3XERE, containing three EREs, plus pERa were contransfected into HeLa cells to confirm efficacy of E2 treatment and transfection conditions. Columns, mean relative luciferase units corrected for renilla from two independent experiments done in triplicate (n = 6) and normalized to the DMEM; bars, SE. *, P < 0.05, statistical differences compared with control (DMEM).
activity. These experiments indicated that TCDD reduced basal promoter activity by f25% (Fig. 3A) and abrogated entirely the stimulation by E2. The efficacy of the treatments with TCDD and E2 were confirmed by activation of transcription from the control p1A1-4X and p3XERE expression vectors (Fig. 3B) , respectively.
Previous studies documented that the repressive effects of AhR ligands on E2-responsive genes were mediated through the recruitment of the liganded AhR to XREs. Therefore, we examined whether the BRCA-1 promoter harbored potential XRE sites. Inspection of the BRCA-1 promoter led to the identification of two elements located upstream of the AP-1 site at positions À260/À256 (XRE1) and À102/À98 (XRE2) with sequence homology to the consensus XRE (5V -GCGTG-3V ). Using ChIP assays, we detected basal occupancy by the unliganded AhR at the BRCA-1 promoter region flanking the XRE sites. However, the treatment with TCDD stimulated the time-dependent recruitment of the AhR to this promoter segment (Fig. 4A) . The intensity of the BRCA-1 amplicon increased linearly from 30 to 90 minutes posttreatment as measured by real-time PCR (Fig. 4B) . Based on these results, we examined the combinatorial effects of TCDD and E2 on recruitment of the AhR to the BRCA-1 promoter region containing XRE1 and XRE2. Compared with control DMEM, the treatment with E2 did not influence basal occupancy by the AhR, whose recruitment, however, was stimulated by treatment with TCDD alone (Fig. 4C) . In cells cotreated with TCDD plus E2, the occupancy by the liganded AhR was higher than control (DMEM) and E2-treated samples, but was lower compared with TCDD alone, suggesting that E2 antagonized the recruitment of the AhR to this region of the BRCA-1 promoter.
To clarify the mechanisms underlying the repressive effects of TCDD on E2-induced BRCA-1 transcription, we examined the effects of E2, TCDD, and their combination on occupancy by the ERa at the AP-1 site. Results of ChIP assays (Fig. 4D) indicated that the treatment with TCDD did not interfere with the ability of E2 to stimulate the recruitment of the ERa. Therefore, we examined whether TCDD stimulated changes in the recruitment of p300, which has been shown to act as a coactivator for both the AhR and ERa (26) . Results of ChIP assays followed by quantitation by realtime PCR documented that the treatment with E2 and, to a lesser extent, TCDD, stimulated the recruitment of p300 to the region flanking the XREs (Fig. 5A ). The treatment with E2 also induced the recruitment of SRC-1, a member of the p160 family of transcription factors (Fig. 5B) . In contrast, the cotreatment with TCDD plus E2 reduced the E2-induced occupancy by p300 and SRC-1, indicating that reduced recruitment of these coactivators may contribute to the repressive effects of TCDD on E2 stimulation.
Because p300 and SRC-1 possess histone acetylase activity, removal of these cofactors from transcription complexes has been correlated to increased histone deacetylation. Therefore, we examined if down-regulation of E2-stimulated BRCA-1 transcription by TCDD was accompanied by changes in the acetylation status of histones and the recruitment of histone deacetylases. Results of ChIP assays and real-time PCR showed E2-induced acetylation of the core histone H4 (f3.28-fold) was reduced (f32%) upon cotreatment with TCDD (Fig. 5C) . Conversely, treatment with TCDD or TCDD plus E2 stimulated (f2.8-fold and 1.9-fold, respectively) the recruitment of HDAC1 to the BRCA-1 promoter region flanking the XRE1 and XRE2 (Fig. 5D) . Moreover, cotransfection with a plasmid encoding for HDAC1 (myc-HDAC1) confirmed the ability of HDAC1 to repress BRCA-1 promoter activity (Fig. 5E) . These cumulative data supported a role for histone deacetylation in the transcriptional repression of BRCA-1 by TCDD.
Based on information that XREs located on E2-inducible promoters acted as negative regulatory elements (19) (20) (21) (22) 42) , we formulated the hypothesis that mutation (GCGTG to GCcaa) of either XRE1 (pXRE1mut) or XRE2 (pXRE2mut) would reverse the repressive effects of TCCD. The data depicted in Fig. 6A indicated that compared with MCF-7 cells transfected with wild-type pGL3BRCA-1, mutation of XRE1 and XRE2 reduced, respectively, by f20% to 30% and f65% basal (DMEM) and E2-induced activity. The activation by TCDD and E2 of the positive reporter constructs p1A1-4X or p3XERE, respectively (Fig. 6B) , confirmed the efficacy of the experimental treatments and transfection conditions. These results suggested that the XRE1 and XRE2 sequences were required for maximal E2-activation of BRCA-1 transcription.
Discussion
The repressive effects of AhR ligands on E2-responsive genes have been intensively investigated and include proteasomedependent degradation of ERa (23, 43) and enhanced oxidative A, MCF-7 cells were precultured for 3 days in DMEM containing 5% charcoal-stripped FBS. Then, pGL3BRCA-1 was transiently transfected using LipofectAMINE Plus into MCF-7 cells, which were cultured in control medium DMEM, 10 nmol/L E2, 5 Amol/L B(a)P, 100 nmol/L TCDD, B(a)P plus E2, or TCDD plus E2. B, in transfected MCF-7 cells, the treatment with B(a)P and TCDD induced the positive control reporter luciferase construct p1A1-4X containing four XREs; E2 treatments induced transcription from p3XERE. Columns, mean relative luciferase units corrected for renilla from two independent experiments done in triplicate (n = 6) and normalized to the DMEM; bars, SE. *, P < 0.05, statistical differences compared with control (DMEM). 5, DMEM; , B[a]P: , TCDD; n, E2.
Crosstalk between AhR and ERa in BRCA- (28) . However, the negative effects of TCDD on E2-responsive genes have been shown to precede the activation of metabolic enzymes, such as CYP1A1 (20), and do not alter circulating levels of E2 in vivo (44) . Therefore, alternative mechanisms may contribute to the inhibitory AhR-ERa crosstalk on E2-inducible genes. Transcriptional effects of AhR ligands include competition between the AhR heterocomplex and several transcription factors, including ERa, Sp1, and AP-1, for binding to promoter regions of E2-responsive promoters (19) (20) (21) . This type of interaction has been shown for the c-fos (22), cathepsin-D (19, 20) , pS2 (21), and heat shock protein 27 (42) promoters.
In previous studies (30), we documented that E2 induced BRCA-1 promoter activity by stimulating the recruitment of a p300/ERa complex to an AP-1 motif located in close proximity to the start site on exon 1B. Based on earlier evidence obtained by our laboratory (31) that the AhR-ligand B(a)P repressed E2-induced expression of BRCA-1, we investigated the role of the AhR in E2-dependent activation of BRCA-1 transcription. The current findings indicated that the unliganded AhR potentiated the transactivation functions of the liganded ERa at the BRCA-1 promoter. This conclusion was supported by several lines of evidence. First, results of ChIP assays clearly documented that the treatment with E2 stimulated the recruitment of the unliganded AhR and liganded ERa to the BRCA-1 promoter region flanking the AP-1 site. Second, cotreatment with the AhR antagonists a-naphthoflavone and 3M4NF repressed E2-dependent BRCA-1 transcription. ChIP experiments indicated that 3M4NF prevented the recruitment of the unliganded AhR to the BRCA-1 promoter flanking the AP-1 region. These results were consistent with those of previous studies documenting the ability of flavone antagonists to block nuclear translocation of the AhR to target promoters harboring XREs (37, 45, 46) . Third, overexpression of exogenous ERa lacking Figure 4 . TCDD stimulates the recruitment of the AhR and represses E2-dependent transcription of BRCA-1. A, MCF-7 cells were precultured for 3 days in DMEM containing 5% charcoal-stripped FBS. Then, cells were cultured in control medium (DMEM) or DMEM plus 100 nmol/L TCDD for the indicated times. At the end of the incubation period, cells were processed by ChIP assay using antibodies against the AhR. Inputs are control bands. B, recruitment of AhR to the BRCA-1 region containing XRE1 and XRE2 was examined by real-time PCR as described in Materials and Methods. Columns, mean amplification product corrected for input and normalized to time 0; bars, SE. *, P < 0.05, statistical differences compared with control (time 0). C to D, MCF-7 cells were precultured for 3 days in DMEM containing 5% charcoal-stripped FBS and then cultured in for 90 minutes in control medium DMEM, DMEM supplemented with 10 nmol/L E2, 100 nmol/L TCDD, or their combination. At the end of the incubation period, cells were processed by ChIP assay using antibodies against the AhR (C ) or ERa (D ). Bands, amplified products from immunoprecipitated complexes containing the AhR, ERa, or control input. The cartoons depict the positions of the oligonucleotides used to amplify the BRCA-1 promoter region flanking the XREs (311 bp) or the AP-1 (237 bp). Figure 5 . TCDD represses BRCA-1 transcription by altering the recruitment of cofactors and histone status. MCF-7 cells were precultured for 3 days in DMEM containing 5% charcoal-stripped FBS and then cultured for 90 minutes in control medium DMEM, DMEM plus 10 nmol/L E2, 100 nmol/L TCDD, or their combination. At the end of the incubation period, cells were processed by ChIP assay using antibodies against p300 (A), SRC-1 (B ), Ac-H4 (C ), or HDAC1 (D ). Recruitment of p300, SRC-1, HDAC1, and Ac-H4 to the BRCA-1 region containing XRE1 and XRE2 was examined by real-time PCR as described in Materials and Methods. Columns, mean amplification product corrected for input and normalized to control (DMEM); bars, SE. *, P < 0.05, statistical differences compared with control. The cartoon depicts the position of oligonucleotides used to amplify the BRCA-1 promoter region flanking the XREs (311 bp). E, MCF-7 cells were precultured for 3 days in phenol red-free DMEM plus 5% charcoal-stripped FBS. Then, cells were transiently transfected with pGL3BRCA-1 or pGL3BRCA-1 cotransfected with an expression vector encoding for the human HDAC1 (myc-HDAC1), which were then cultured for 24 hours in DMEM or DMEM plus 10 nmol/L E2. F, the positive control plasmid p3XERE was transfected into MCF-7 cells to confirm efficacy of E2 treatment and transfection conditions. Columns, mean relative luciferase units corrected for renilla and normalized to the DMEM; bars, SE. *, P < 0.05, statistical differences compared with control (DMEM). 5, DMEM; n, E2. the binding domain for the AhR abolished E2-induced BRCA-1 promoter activity. The physical interaction between the unliganded AhR and liganded ERa may stimulate the recruitment of common nuclear factors, such as p300 and SCR-1 (26, 47) . The intrinsic histone acetyl transferase activity of p300 and SRC-1 may in turn induce acetylation of core histones, such as H4, and changes in chromatin structure leading to transcriptional activation. Fourth, the stimulatory effects of E2 on BRCA-1 promoter activity were dependent on the functionality of two consensus XREs located upstream of the AP-1 site. In fact, mutation of either XRE1 or XRE2 repressed E2-induced BRCA-1 promoter activity. Interestingly, the combined mutation of XRE1 and XRE2 led to complete repression of BRCA-1 transcription in transfected MCF-7 cells (data not shown). To our knowledge, these cumulative results are the first demonstration that the unliganded AhR bound to XREs may be a necessary cofactor for ERa-dependent activation of BRCA-1 transcription.
In contrast, we found that the AhR ligands B(a)P and TCDD antagonized the stimulatory effects of E2 on BRCA-1 transcription. Unlike B(a)P, TCDD is not genotoxic. Therefore, we used TCDD to detail the role of the AhR on regulation of BRCA-1 promoter activity. The treatment with TCDD stimulated the recruitment of the liganded AhR and HDAC1 to the BRCA-1 promoter region flanking the XRE sites. Conversely, cotreatment with TCDD reduced occupancy by the cofactors p300 and SRC-1 while preventing acetylation of the core histone H4. The repressive effects of TCDD on BRCA-1 transcription were in agreement with findings of previous studies documenting inhibitory AhR-ERa crosstalk on E2-responsive genes. For example, Marlowe et al. (29) reported that following treatment with TCDD, the AhR displaced p300 leading to repression of S phase-specific genes. Thus, AhR ligand activation may lead to silencing of BRCA-1 promoter activity by displacing the coactivators p300 and SRC-1, thus increasing the recruitment of HDAC1 and possibly other corepressors. This notion is supported by our results showing that overexpression of HDAC1 abrogated BRCA-1 promoter activity and TCDD decreased the accumulation of E2-stimulted H4 histone acetylation.
Although the transactivating functions of the AhR at XREs are enhanced by the association with the adaptor molecule ARNT (18, 48, 49), we did not examine the recruitment of ARNT to the BRCA-1 promoter. Although it is possible that ARNT may contribute Figure 6 . Mutation of XRE1 and XRE2 represses estrogen-induced BRCA-1 transcription. MCF-7 cells were precultured for 3 days in DMEM containing 5% charcoal-stripped FBS. A, luciferase reporter constructs driven by a 1.69 kb fragment of the BRCA-1 5Vflanking region containing mutations in the XRE1 or XRE2 elements (XRE1mut or XRE2mut) were transiently transfected using LipofectAMINE Plus into MCF-7 cells, which were cultured for 24 hours in control medium (DMEM), DMEM supplemented with 10 nmol/L E2, 100 nmol/L TCDD, or their combination. B, TCDD and E2, respectively, induced transcription from p1A1-4X or p3XERE in transfected MCF-7 cells. Columns, mean relative luciferase units corrected for renilla from three independent experiments done in triplicate (n = 9) and normalized to the DMEM; bars, SE. *, P < 0.05, statistical differences compared with control (DMEM). 5, DMEM; n, E2; , TCDD; , TCDD+E2. to transcriptional repression of BRCA-1, studies by Brunnberg et al. (50) reported that ARNT was found to potently enhance transcriptional activity of ERh and, to a lesser degree, ERa. In this study, we focused our attention of the role of AhR based on the information the AhR, but not ARNT, physically interacts with the unliganded ERa and ERh (26) . The fact the BRCA-1 promoter harbors more than one XRE suggests that the multiplicity of AhR binding sites may assist in increasing the stability of transcription complexes containing the ERa and augment accessibility to cofactors. This interpretation finds support in results of previous investigations with the CYP1A1 gene documenting that the presence of multiple binding sites for the AhR contributed to stabilization of chromatin in an accessible configuration (51, 52) . Figure 7A depicts a schematic representation of the crosstalk between the unliganded AhR and ERa at the BRCA-1 promoter. A possible implication of this proposed model is that antagonists that block the translocation of the AhR to the nucleus may interfere with estrogen-regulated BRCA-1 expression. Figure 7B illustrates a model in which the recruitment of the liganded AhR to XREs displaces cofactors and prevents the interaction of the AhR with the liganded ERa. Because BRCA-1 expression peaks in S phase (53, 54) and BRCA-1 protein is involved in cell cycle control and DNA repair functions (3, 55) , the positive interaction between the AhR and the ERa may play a critical role in regulation of cell cycle progression by modulating the expression of BRCA-1. On the other hand, the physiologic function of the activated AhR may be to sense exposure to environmental and dietary AhR-ligands and repress BRCA-1 expression and cell cycle progression. The continuation of these studies in vivo may assist in the validation of the proposed model of BRCA-1 regulation by the AhR and ERa.
